We report an experimental demonstration of electrical tuning of plasmon resonances of optical nanopatch antennas over a wide wavelength range. The antennas consist of silver nanocubes separated from a gold film by a thin 8 nm polyelectrolyte spacer layer. By using ionic liquid and indium tin oxide coated glass as a top electrode, we demonstrate dynamic and reversible tuning of the plasmon resonance over 100 nm in the visible wavelength range using low applied voltages between À3.0 V and 2.8 V. The electrical potential is applied across the nanoscale gap causing changes in the gap thickness and dielectric environment which, in turn, modifies the plasmon resonance. The observed tuning range is greater than the full-width-at-half-maximum of the plasmon resonance, resulting in a tuning figure of merit of 1.05 and a tuning contrast greater than 50%. Our results provide an avenue to create active and reconfigurable integrated nanophotonic components for applications in optoelectronics and sensing. 18 Plasmonic nanostructures have also been fabricated on stretchable elastomeric films in order to modify the physical structures under compression and tension.
Metallic nanoparticles smaller than the wavelength of light can support localized surface plasmons and confine light in a region beyond the diffraction limit with greatly increased local density of states enabling applications from superresolution imaging 1,2 to biosensing 3, 4 and photodetectors. [5] [6] [7] [8] [9] Additionally, embedding light emitting materials in such sculpted electromagnetic environments allows for tailored light-matter interactions, including lasing, 10, 11 ultrafast spontaneous emission, 12 Purcell factors greater than 1000 (Ref. 13) , and 30 000-fold photoluminescence enhancements. 14 However, typically in order to modify the plasmon resonance, and thus the operating wavelength, the physical dimensions of the nanostructures have to be changed. To enable real-time reconfigurable optoelectronic and sensing applications, there has been a long quest for dynamically tunable plasmonic structures, and a variety of approaches have been explored. For example, previous schemes have employed temperature induced phase changes in materials such as germanium antimony telluride (Ge 2 Sb 2 Te 5 ) 15, 16 and vanadium oxide (VO 2 ) to modify the plasmon resonances, 17 or have utilized microfluidics devices that enable plasmonic structures to be surrounded by liquids with varying index of refraction. 18 Plasmonic nanostructures have also been fabricated on stretchable elastomeric films in order to modify the physical structures under compression and tension. 19 However, for on-chip integration and future practical applications, electrical tunability is highly desirable. While there have been several recent demonstrations of electrical tuning of plasmonic structures, [20] [21] [22] [23] [24] [25] [26] [27] they either show a very limited tuning range around 10 nm, 21, 22, 25 are restricted to the infrared spectral region, 20, 23, 24, 27 or require the application of a large voltage $100 V. 26 In this paper, we experimentally demonstrate electrical tuning of the plasmon resonance of an ensemble of nanopatch antennas from 613 nm to 713 nm by the application of a small external bias voltage of less than 3 V. The nanopatch antennas consist of colloidally synthesized silver nanocubes with a side length of $75 nm placed over a gold film with an 8 nm dielectric polymer spacer layer sandwiched in between. This structure supports a transmission line mode and highly enhanced electric fields in the gap region up to a 100-fold for the fundamental mode centered at 646 nm. 14, 28 Figure 1(a) shows the simulated near-field pattern for a 75 nm film-coupled nanocube revealing large field enhancements in the gap region. For these finite-element COMSOL simulations, an incident plane wave impinged at an angle of 67 (from normal axis) onto the nanocubes is used with an excitation wavelength of 535 nm. The fundamental mode has a dominant field in the direction perpendicular to the sample surface and a Fabry-P erot resonance is induced by multiple reflections of a waveguide mode propagating parallel to the film resulting in maximum field enhancements along the edges and corners of the nanocubes. The resonance of these nanopatch antennas depends strongly on the size of the nanocubes and the thickness and properties of the dielectric spacer material. 9, 28 For example, a change in the gap thickness of only 4 nm, from 1 to 5 nm, results in a large shift of the plasmon resonance from 1007 nm to 720 nm. 9 Here, for a fixed nanocube size, the resonance of the nanopatch antennas is actively tuned by the application of an external bias voltage. To apply an electrical potential across the nanoscale gap region an indium tin oxide (ITO) coated glass slide in combination with ionic liquid is used as the top electrode and the gold film is used as the bottom electrode. The experimentally observed dynamic tuning over a wide wavelength range is believed to be the result of swelling, de-swelling and other voltage-dependent modifications to the polymer layer in the gap region between the silver nanocube and the gold film. To fabricate the nanopatch antennas, 50 nm/5 nm Au/Cr films were evaporated onto commercially cleaned glass slides (Nexterion Glass B, SCHOTT North America, Inc.). A polymer spacer layer was formed by alternately submerging the gold coated glass slides in 3 mM poly(allylamine) hydrochloride (PAH) for 5 min and in 3 mM polystyrene sulfonate (PSS) for 5 min. The sample was rinsed with ultra-pure deionized water after each PAH or PSS layer and dried with clean nitrogen gas after the final polymer layer. The spacer layer both began and terminated with PAH to facilitate adhesion with the gold film and the silver nanocubes. The total thickness of the final 5 polyelectrolyte (PE) layers was measured by spectroscopic ellipsometer and determined to be 5.0 6 0.1 nm in air. The silver nanocubes were chemically synthesized following previously published procedures. 14, 29, 30 Scanning electron microscopy (SEM) was used to characterize the shape and size distribution of the nanocubes as seen in Fig. 1(b) . From this, it was estimated that the synthesized nanocubes have a side length of 75 6 10 nm and slightly rounded corners with a radius of curvature of $10 nm, as seen in the inset in Fig. 1(b) . As a result of the synthesis, the nanocubes are coated in a polyvinylpyrrolidone (PVP) layer with an estimated thickness of $3 nm. For nanocube deposition, the samples were exposed to 50 ll of a concentrated nanocube solution (stock solution diluted 10 times) for 60 s. Silver nanocubes electrostatically adhered to the top PAH layer and resulted in a disperse nanocube surface coverage of $5%.
Optical characterization of the fabricated structures was performed by scattering and reflectivity measurements using optical dark-field microscopy. Reflectivity measurements from an ensemble of nanopatch antennas were performed using a 5Â, 0.15 NA objective, and scattering measurements of individual nanoantennas were performed using an extralong working distance 50Â, 0.55 NA objective. Figure 1 (c) shows a typical reflectivity spectrum measured from an ensemble of nanopatch antennas displaying a plasmon resonance centered at 645 nm with a full-width at half maximum (FWHM) of 95 nm. The scattering spectra from individual nanopatch antennas are measured on samples with a lower density of nanocubes using the nanocube stock solution diluted 100 times for deposition. A representative scattering spectrum from an individual nanoantenna is shown in Fig. 1(d) with a FWHM of 45 nm. The width of the plasmon resonance is observed to be wider for ensembles of nanoantennas than for individual ones due to a small variation in the size of the silver nanocubes.
Next, in order to perform dynamic tuning of the plasmon resonance, we fabricate structures that enable an external voltage to be applied across the gap between the silver nanocubes and the underlying gold film shown schematically in Figs. 2(a) and 2(b). Spacer tape with a thickness of $100 lm and a $1 cm 2 round opening is placed on the nanopatch antenna sample described earlier. The volume created by the opening in the spacer tape is then filled with an electrically conductive ionic liquid (Sigma-Aldrich, 98.5% transmission, 500 ppm water impurity) and covered by an ITO coated glass slide (Delta Technologies Ltd.). This enables electrical contact to be made between the ITO and the nanocubes, serving as the top electrode, while the bottom gold film serves as the other electrode. A photograph of one of the fabricated sample structures is shown in Fig. 2(c) . This sample consists of three structures: (i) two structures with integrated nanocubes as described earlier (seen as the two darker circular regions on the left in Fig. 2(c) ), and (ii) a structure fabricated as described earlier but without any nanocubes used as a control sample and for normalization purposes (seen as the lighter circular region on the right in Fig. 2(c) ). The electrical wires (c) Photograph of a fabricated structure with three devices. The spacer tape containing ionic liquid within the circular openings is seen along with the ITO coated slides used for electrical contacts. The two devices on the left consist of the structure as illustrated in (a) and (b), whereas the right device is the same structure but without any nanocubes and is used for normalization purposes.
are also seen which are attached with silver paint to the gold film and the underside of the glass slide which is coated by ITO.
To apply a DC voltage to the structure, a Yokogawa GS200 power supply is used and the current is monitored by a Keithley 6485 pico-ammeter. The structure acts as a capacitor and there is a small current due to charging and discharging. This small current also ensures a charge flow that maintains the gradient of the ion concentration in the liquid. 31, 32 Fig. 3(a) displays reflectivity spectra from an ensemble of nanopatch antennas taken at different applied voltages. The reflectivity spectrum was first measured at 0 V revealing a plasmon resonance at 630 nm. An external voltage of 2.8 V was then applied, and the reflectivity spectrum shows a resonance at 613 nm for this bias (top panel of Fig. 3(a) ). Next, the external bias was removed and the device was set to short circuit in order to discharge the accumulated charges at the two electrodes. The reflectivity measurement at 0 V was then repeated and showed a resonance at 625 nm, essentially unchanged from the original resonance position considering the broad linewidth of the resonance. Subsequently, a reverse bias of À3.0 V was applied to the structure, and the reflectivity spectrum showed that the resonance was significantly redshifted to 713 nm. Finally, once the external bias was removed again and the structure discharged, the measured reflectivity spectrum displayed a resonance at 620 nm, which is very close to the original resonance. This demonstrates that the tuning of the plasmon resonance is indeed reversible for the structure. The applied bias voltages were chosen such as to stay within the electrical window of the ionic liquid which is from À3.5 to 3.0 V. Even with this small range of applied bias, a large tuning range of 100 nm was achieved. The tuning of the plasmon resonance occurred on a relatively fast time scale of $10 s. For the experiments described above, the measurement of each reflectivity spectrum was conducted with a 10-min waiting time after each voltage was turned on or off.
In order to quantify the resonance switching of our plasmonic tuning device we estimated the tuning figure of merit which is defined as the ratio between the tuning range and the FWHM of the resonance. 33, 34 For the structure measured in Fig. 3(a) , the tuning figure of merit is 1.05, which is the largest value reported for electrical tuning of plasmonic nanoantennas in the visible spectral region. Our observed value is comparable with the previously reported value of 1.03 for a mid-infrared antenna 34 and significantly larger than that for a tunable near-infrared metamaterial based on VO 2 phase transition, where a value of 0.14 was observed. 33 Additionally, we extracted the difference in the absorption, 35 or contrast, of the device under a bias voltage with respect to the absorption at zero voltage. As seen in Fig. 3(c) , a contrast greater than 50% in the absorption is observed at a wavelength of $620 nm.
To provide insight into the tuning mechanism, we consider possible modifications that may occur to the polyelectrolyte layers under an applied bias voltage. First, the combination of ionic liquid and polyelectrolyte layers may lead to swelling and de-swelling of the polyelectrolytes. Previously, it has been shown that depending on the concentration and stability of the ionic liquid, swelling of the polyelectrolyte layers can occur and may in some cases not be reversible. 36 Second, incorporation of ionic liquid with polyelectrolyte layers may not only change the thickness of the spacer layer but may also modify its effective dielectric constant. 36 Third, a potential-dependence of the ion density and structure of the ionic liquid near the metal electrodes may modify the resonance. 36, 37 Recently, a significant modification of the density and exchange of ions has been observed in an ionic liquid near a gold electrode during potential scans. 38 It is possible that this may affect the silver nanocubes in our experiments here, as the nanocubes are exposed to the ionic liquid and the potential is modulated by the bottom Au film electrode due to the applied bias voltage. Therefore, there is a possibility that the density and distribution of the ions near the surface of the nanocubes might be modulated, leading to changes in the dielectric environment around the nanocubes. However, this effect is expected to be diminished by the 3 nm PVP polymer layer surrounding the nanocubes. Fourth, the applied bias voltage may cause a charge accumulation layer at the surface of the top electrode due to injection of carriers into the ITO. 20 Finally, there is the possibility that oxidation of the nanocubes and the ITO layer from the top electrode could lead to modification of the plasmonic structure and environment. 39 To elucidate which of these possible mechanisms are dominating, we investigate whether the sample is modified by the exposure to the ionic liquid and the applied bias voltage. SEM images of the sample before and after the tuning experiment was performed are shown in Figs. 4(a) and 4(b) , respectively. After the tuning experiment, the shape of the silver nanoparticles does not appear to have been modified; however, small features are observed to have emerged on the sample surface indicating that modifications have likely occurred to the polyelectrolyte layers. From analysis of many such SEM images, we find that the sizes of the cubes were 71 6 8 nm before and 69 6 7 nm after exposure to the ionic liquid confirming that no significant size change has occurred. Additionally, recent experiments and simulations have shown that for a fixed gap size, a small 5 nm variation in the nanocube size only modifies the resonance wavelength by $14 nm, 28 whereas a 2 nm change in the gap thickness has been shown to result in a resonance change of more than 100 nm. 9 Furthermore, modifications to the index of refraction of the material in the gap region may also modify the plasmon resonance; however, recent studies have shown this effect to be much less significant than changes in the gap thickness. 40 Based on these observations, the tuning of the plasmon resonance observed in our experiment is most likely caused by the swelling and de-swelling of the polyelectrolyte layers depending on the polarity of the electric field and the highly concentrated ionic liquid in combination with a modified dielectric constant of the spacer layer. In turn, these modifications to the thickness and dielectric constant of the material in the gap between the metal film and the silver nanocubes lead to a modified plasmon resonance of the sample structure. 21, 40 As seen from Fig. 3 , a negative bias voltage is observed to induce a much larger shift in the plasmon resonance than a positive bias. This can be explained by a negative bias causing de-swelling of the polyelectrolyte layers, and thus a red shift of the resonance, whereas a positive bias causes swelling of the polyelectrolyte layers, and thus a blue shift of the resonance. 28, 40, 41 As mentioned earlier, the relationship between the gap thickness and the plasmon resonance of the nanopatch antennas has previously been characterized and a non-linear dependence was observed. 9, 28, 40 At small gap sizes of less than $5 nm, the plasmon resonance has been observed to be extremely sensitive to changes in the gap size whereas at larger gaps, the plasmon resonance is much less sensitive. This is consistent with our observations here where de-swelling of the polyelectrolyte layers induces a larger shift in the plasmon resonance than swelling. The magnitude of the observed shift in the plasmon resonance of 100 nm is also consistent with these previous experiments where samples were fabricated with different gap thicknesses and a red shift of 104 nm was observed as the gap was changed from 5 nm to 3 nm (for 75 nm cubes). 9 After the bias voltage is turned off, ideally the ionic liquid will become depolarized and any changes to the polyelectrolyte layers reversed. However, the charge regulation of the ionic liquid and the underlying polyelectrolyte layers may be slow and the induced modifications to the polyelectrolyte layers have been observed to not always be fully reversible. 36, 37, 42 This effect may explain the small variations in the plasmon resonance measured at a bias voltage of 0 V in between blue-and red-shifting the resonance, as well as causing some studied devices to not be fully reversible. As we have mentioned earlier, the tuning speed of the plasmon resonance in our device was $10 s. This is due to the involvement of the ionic liquid and might not be ideal for applications that require a fast switching speed. In addition to this, the use of ionic liquid may also lead to a combination of complex interactions, such as chemical modifications to the polyelectrolyte layers, the top ITO electrode, or the nanocubes, which might be irreversible in some cases. While further work is required to explore such interactions in detail, the experiments presented here demonstrate the feasibility of dynamically tuning the plasmon resonance of nanopatch antennas over a wide wavelength range.
In summary, we demonstrated dynamic and reversible tuning of the plasmon resonance of nanopatch antennas over a 100-nm range in the visible spectrum. This was realized by applying a bias voltage across a polyelectrolyte spacer layer separating silver nanocubes from a gold ground plane, which in turn modifies the gap and thus the plasmon resonance of the structure. This dynamic tuning scheme could be integrated with, for example, semiconductor quantum dots, 12 two dimensional materials, 43 or even single emitters 44 for real-time control of absorption and spontaneous emission. 
